Sequence alignments and secondary structure predictions for the N-terminus of leucocins A-and C-TA33a predicted that Cys-9 and Cys-14 are connected by a disulfide bridge and form two β-strands.
INTRODUCTION
Bacteriocins of lactic acid bacteria are ribosomally synthesized antimicrobial peptides, which may inhibit their target cells by permeabilizing the cell membrane (Chen et al., 1997 ; Fleury et al., 1996 ; Klaenhammer, 1993 ; Nissen-Meyer & Nes, 1997) . Their positive charge presumably facilitates interactions with the negatively charged bacterial phospholipid-containing membranes and\or acidic bacterial cell walls, whereas their amphiphilic character enables membrane permeabilization (Nissen-Meyer & Nes, 1997) . Class I bacteriocins, for example nisin, undergo extensive post-translational modifications and contain unusual amino acids such as lanthionine and 3-methyllanthionine (Klaenhammer, 
Abbreviation : CD, circular dichroism.
The SWISS-PROT accession numbers for the amino acid sequences of leucocins B-and C-TA33a reported in this paper are P81052 and P81053, respectively. 1993). By contrast, the class II bacteriocins are minimally modified and have high amino acid sequence homologies. Class II bacteriocins include : carnobacteriocin BM1 and B2 (Quadri et al., 1994) , curvacin A (Tichaczek et al., 1993) , enterocin A (Aymerich et al., 1996) , lactococcin G (Nissen-Meyer et al., 1992) , leucocin A-UAL 187 (Hastings et al., 1991) , leucocin B-TA11a (Felix et al., 1994) , mesentericin Y105 (He! chard et al., 1992) , mesentericin Y105$( , mesenterocin FR52A , pediocin PA-1 (Henderson et al., 1992) , piscicolin 126 (Jack et al., 1996) , piscicolin 61 (Holck et al., 1994) , sakacin A (Holck et al., 1992) and sakacin P (Tichaczek et al., 1994) .
Since the biologically relevant conformation of bacteriocins is the one adopted in a lipophilic environment, solvent-dependent circular dichroism (CD) and NMR can be used to gain insight into their conformational transitions in aqueous and lipophilic environments.
Little is known about the secondary and tertiary structures of class II bacteriocins, except for leucocin A-UAL 187, mesentericin Y105$( and lactococcin G Henkel et al., 1992 ; Nissen-Meyer & Nes, 1997 ; Sailer et al., 1993) . Data from NMR studies indicate that leucocin A-UAL 187 exists as a random coil in water and changes in membrane-mimicking solvents to form an amphiphilic helical region in the C-terminal region after the loop maintained by the disulfide bond (Henkel et al., 1992 ; Sailer et al., 1993) . CD spectra of mesentericin Y105$( in a low polarity medium indicated 30-40 % α-helical conformation and secondary structure predictions suggested the peptide can be configured as an amphipathic helix at the C-terminus . The two peptides that constitute lactococcin G contain regions that become amphiphilic if they assume an α-helical structure, and CD studies have shown that these regions adopt an α-helical structure when the two peptides interact with each other in the presence of membrane-mimicking micelles (Nissen-Meyer & Nes, 1997) . CD and NMR studies on the lantibiotics nisin (Van den Hooven et al., 1993) and Pep5 (Freund et al., 1991) , showed that these peptides exhibit a flexible, unordered structure in aqueous solution and several constrained regions in membrane-mimicking environments. The major conformational changes for nisin occur at the N-terminus.
Recently, Leuconostoc mesenteroides TA33a was found to produce three different bacteriocins with different antimicrobial activity spectra (Papathanasopoulos et al., 1997) . This paper reports on the primary structures of leucocins A-, B-and C-TA33a produced by L. mesenteroides TA33a and a comparison of the conformations adopted by these peptides in membrane-mimicking environments.
METHODS
Bacterial strains and media. The bacteriocin producer L. mesenteroides TA33a and the indicator strain Weissella paramesenteroides DSM 20288, were grown to late-exponential phase at 25 mC for 18-20 h in MRS broth (Biolab). The indicator strains Carnobacterium mobile DSM 4848 and Enterococcus durans CIP 55125 were grown to late-exponential phase at 30 mC for 18-20 h in Tryptone Soy broth (Biolab).
Bacteriocin activity assay. Bacteriocin activity was assayed using the agar well diffusion method, as described previously (Papathanasopoulos et al., 1997 ; .
Bacteriocin purification. Leucocins A-, B-and C-TA33a were purified by adsorption\desorption of bacteriocins from the producer cells of L. mesenteroides TA33a, followed by reversed-phase HPLC, as described previously (Papathanasopoulos et al., 1997 ; Yang et al., 1992) . Aliquots of each purified preparation were lyophilized for further analysis. They were examined by Tricine\SDS-PAGE (Schagger & Von Jagow, 1987) and stained using silver nitrate (Merril, 1990) .
Mass spectrometry and amino acid sequence analysis.
Peptide samples were analysed for purity by mass spectrometry with a VG Biotech (Fisons Instruments) equipped with an electrospray source, before their amino acid sequences were determined by Edman degradation (250 pmol of each sample) using a 476A Applied Biosystems-Perkin Elmer gasphase sequencer. Phenylthiohydrantoin (PTH) amino acids were identified on line with a 120A Applied Biosystems PTH analyser by reversed-phase HPLC. The samples were sequenced using polybrene-coated glass fibre as support. A  search of the SWISS-PROT database was conducted to identify proteins with sequences similar to those of leucocins A-, B-and C-TA33a (Altschul et al., 1990) . Multiple alignments were performed using   version 1.6. CD measurements. Leucocins A-, B-and C-TA33a were each resuspended in 10 mM acetate buffer (pH 3n0), 10 mM Tris\ HCl buffer (pH 7n0) and 10 mM micellar SDS. CD spectra were recorded between 180 nm and 260 nm for each of the above solutions at room temperature in a quartz cell (path length 1 mm) on a J-720 spectropolarimeter (JASCO). Data were digitally collected every 0n1 nm and the resulting spectra smoothed using the JASCO program. In all cases the CD spectra of the solutions were recorded and subtracted from experimental readings to compensate for background scattering. All spectra presented are the means of five scans. Results are expressed in terms of mean residue ellipticity.
Analysis for secondary structure. The CD spectra were analysed for secondary structure between 180 nm and 260 nm using the variable selection subroutine (Johnson, 1990 ; Manavalan & Johnson, 1987) of the DicoProt program (G. Dileage, Institute de Biologie et Chimie des Proteines, Lyon, France). In addition, secondary structure was estimated from spectra between 200 nm and 240 nm using the K2D CD secondary structure server, which uses an unsupervised neural network to predict secondary structure (Andrade et al., 1993 ; Merelo et al., 1994) .
RESULTS AND DISCUSSION

Mass spectrometry and amino acid sequence analysis
Analysis of the purified peptides by Tricine\SDS-PAGE followed by silver nitrate staining revealed single bands for each peptide in the 2n5 kDa size range (Fig. 1) , indicating that the bacteriocins had been purified to homogeneity. Mass spectrometry predicted masses of 3930, 3467 and 4598 Da for leucocins A-, B-and CTA33a, respectively. The primary structure of purified leucocin B-TA33a was successfully determined up to the thirty-first residue as KGKGFWSWASKATSWLTGPQQPGSPLLKKHR (1996) ; pediocin PA-1, Henderson et al. (1992) ; enterocin A, Aymerich et al. (1996) ; leucocin A-UAL 187 (identical to leucocin A-TA33a), Hastings et al. (1991) ; leucocin B-TA11a, Felix et al. (1994) ; mesentericin Y105 (identical to mesenterocin FR52A), He! chard et al. (1992) ; sakacin A, Holck et al. (1992) ; carnobacteriocin BM1 and B2, Quadri et al. (1994) .
by automated Edman degradation of the peptide (250 pmol). The calculated molecular mass of leucocin B-TA33a was 3466 Da. The discrepancy of 1 Da between the calculated and measured molecular masses resulted from the presence of hydrogen. The partial amino acid sequence of leucocin C-TA33a was determined up to the thirty-sixth residue as KNYGNGV-HCTKKGCSVDWGYAATNIANNSVMNGLTG (calculated molecular mass of 3744 Da). The amino acid sequence of leucocin A-TA33a has previously been determined by translation of the nucleotide sequence (GenBank accesion number AFO36713) and found to be identical to that of leucocin A-UAL 187 (KYYGNGV-HCTKSGCSVNWGEAFSAGVHRLANGGNGFW). All three leucocins are strongly hydrophobic. Leucocins A-and C-TA33a have similar hydropathy profiles at the N-terminus of the peptide, but differ at the C-terminus. Leucocin B-TA33a appears to be the most hydrophobic. The hydrophilic N-terminal region of leucocin C-TA33a contains two cysteines at positions 9 and 14 (as leucocin A-TA33a) and these are likely to be joined by a disulfide bridge. The N-terminus also contains the consensus motif YGNGVXCXK\NXXC, where X represents polar uncharged or charged residues. Leucocin C-TA33a shares strong homology to class II bacteriocins other than those produced by Leuconostoc strains. The partial sequence of leucocin C-TA33a shares 80 and 78 % homology with leucocin A-UAL 187 (as well as leucocin A-TA33a and leucocin B-TA11a) and mesentericin Y105, respectively ; 70 and 56 % with carnobacteriocin B2 and BM1, respectively ; 61 % homology with sakacin P and pediocin PA-1 ; 55 % with piscicolin 126, bavaricin A and enterocin A ; and 36 % with sakacin A (curvacin A). Leucocin C-TA33a appears to be similar to other Leuconostoc bacteriocins at the N-terminus, but more similar to other known class II bacteriocins at the Cterminus. Multiple sequence alignments of class II bacteriocins sharing homology with leucocin C-TA33a are shown in Fig. 2 .
The sequence of leucocin B-TA33a is 62 % homologous to that of the 32 residue peptide mesentericin 52B and 63 % homologous to the partially sequenced dextranicin 24 .
CD spectra of leucocins
The influence of pH and membrane-mimicking environments on the conformation of leucocins A-, B-and C-TA33a was examined by CD spectrometry. Conformations at pH 3 and 7 were identical (results not shown), indicating that the structure is probably unchanged. The spectra of all three leucocins changed in micellar SDS, suggesting conformational transitions ( Fig. 3a-c) . The conformation is strongly dependent on the polarity of the environment. In water, leucocins seem to have a less ordered structure, whereas they appear to be more rigid in membrane-mimicking environments. All three leucocins appear to have CD spectra more typical of β-structures than α-helices (Woody, 1995) . The peptides have negative bands at 180 nm (β-sheet) and positive bands between 200 and 210 nm (β-turn).
The percentages of each leucocin molecule that adopt a particular secondary structure in aqueous and micellar SDS solutions were estimated using the K2D and variable selection methods (Table 1 ). According to the K2D method, all three leucocins adopt a high degree of β-sheet (strand and turn) conformation in micellar SDS. Leucocins A-and C-TA33a appear to maintain the same percentages of each conformation in both aqueous and lipophilic environments, whilst leucocin B-TA33a shifts from a more evenly distributed conformation in aqueous solution to a predominantly β-sheet conformation in micellar SDS. The variable selection method could not further resolve the total J-content into β-strands (parallel and antiparallel) and J-turns.
Information from CD was used in conjunction with secondary structure prediction algorithms based on protein sequences. A consensus secondary structure prediction for all leucocins, based on six methods (Deleage & Roux, 1987 ; Geourjon & Deleage, 1995 ; Gibrat et al., 1987 ; Kneller et al., 1990 ; Levin et al., 1986 ; Rost & Sander, 1994 ) is presented in Fig. 4 . All methods used to predict secondary structure for leucocin A-and C-TA33a identified three short β-strands at the N-terminus at approximately the same positions. The sequence fragments containing Cys-9 and Cys-14 form two β-strands, connected by a short loop or turn. Biochemical studies suggest that the cysteine side-chains found in class II bacteriocins are linked by a disulfide bridge (Chen et al., 1997 ; Fleury et al., 1996) . The sixmembered disulfide loops linking Cys-9 and Cys-14 in leucocins A-and C-TA33a should impose a compact local structure. This is in agreement with the results of NMR data for leucocin A-UAL 187, which show that leucocin A-UAL 187 adopts a rigid conformation for residues near the disulfide bridge in membrane-mimicking environments (Henkel et al., 1992) . Furthermore, in membrane-mimicking solvents an amphiphilic helical region is present in the C-terminal section of leucocin A-UAL 187 after the loop maintained by the disulfide bond (Sailer et al., 1993) . Similar regions were identified in mesentericin Y105$( using theoretical predictions and CD measurements, with the amphipathic helix spanning residues 17-31 . Secondary structure predictions for leucocin A-TA33a exhibit an α-helix . Secondary structure predictions of leucocins A-, B-and C-TA33a using DPM (Deleage & Roux, 1987) ; SOPMA (Geourjon & Deleage, 1995) ; Gibrat (Gibrat et al., 1987) ; Nnpredict (Kneller et al., 1990) ; Levine (Levin et al., 1986) ; and PHD (Rost & Sander, 1994) . H, α-helix ; E, β-sheet.
stretch towards the C-terminus of the peptide, which contains both hydrophobic and hydrophilic residues and spans residues 20-28. The propensity of small-sized cationic peptides to form helical amphipathic structures in apolar media has been proposed as a prerequisite for their membrane-disrupting activity (Nissen-Meyer & Nes, 1997) . Secondary structure predictions for leucocins B-and C-TA33a identified β-strands throughout the length of the peptide.
Similar results were obtained from secondary structure predictions for the N-terminus of pediocin PA-1 and other class II bacteriocins (Chen et al., 1997) . The Nterminus of pediocin PA-1 contained two β-sheets maintained in a hairpin conformation stabilized by a disulfide bridge. Except for the second disulfide bond (Cys-24 and Cys-44), no structure could be predicted for the C-terminus of pediocin PA-1 because of a high degree of conformational freedom. The structural model also revealed patches of positively charged residues, which could allow the bacteriocin to interact directly with Listeria lipid vesicles which contain anionic phospholipid head groups (Chen et al., 1997) . The tip of the β-hairpin created by the disulfide bond in leucocins Aand C-TA33a contains one (Lys-11) and two (Lys-11 and Lys-12) positive residues, respectively.
The occurrence of structural changes in environments that mimic the site of action of the bacteriocins suggests that they have some inherent flexibility, and insertion of the bacteriocin into bacterial membranes may be accompanied by an essential alteration in its secondary structure.
